ABSTRACT
Mast cells display a distinct spatial distribution in the lung where they are found preferentially in intraepithelial locations or in deeper tissue around blood vessels, bronchioles and mucus secreting glands. Yet the physiological role of these granule-laden cells is unknown. There are now intriguing signs that their distinctive distribution together with their intrinsic capacity to release large amounts of inflammatory mediators serve a critical role in immune surveillance. Mast cells have now been shown to be capable of recognizing and aggressively reacting to a wide range of bacteria. The mast cell responses involve ingesting and killing of adherent bacteria, in a manner not unlike that of traditional phagocytic cells. Concomitant with this endocytic activity, a large variety of potent inflammatory mediators are released by the mast cell. One such mast cell-derived mediator, TNF-α, was recently shown to be a critical signal for initiating neutrophil influx to sites of bacterial infection in the lung as well as the peritoneum of mice. This capacity of mast cells to recruit neutrophils, together with its recently reported participation in processing and presenting bacterial antigens to immune cells and in mediating proliferation of epithelial cells and mucosal ___________________________________________
INTRODUCTION
Mast cells which are characterized by their peculiar metachromatic staining properties in tissue sections, are arguably one of the most enigmatic of host cells. Although much is known about the structure, composition, location and ontogeny of mast cells, very little is known about why they are harbored in the body. Most of our knowledge of mast cells emanates from their role in the pathophysiology of several, seemingly unrelated, inflammatory disorders including asthma, inflammatory bowel disease, interstitial cystitis, arthritis, progressive systemic sclerosis and melanomas. The vast array of inflammatory mediators generated by mast cells are believed to play a central role in exacerbating these conditions. Interestingly, in spite of their deleterious effects in these conditions, mast cells have been preserved through evolution and can be found in primitive animal forms as well as man arguing that these cells have an important and as yet undetermined physiological function in the host.
The lung is home to a significant number of mast cells with estimated concentrations of 1-7 x 10 6 cells per gram of lung tissue (1, 2) . As compared to other pulmonary cells, mast cells escape detection during routine histochemical examination of tissue sections because up to 90% of pulmonary mast cells loose their metachromatic staining properties following formalin fixation (3) . Mast cells in the lung are localized selectively in the lung periphery (e.g. in the bronchial lumen and in intraepithelial locations) and in deeper anatomic sites around blood vessels, around and within bronchial walls, in smooth muscles and mucus capsules (1, 3) . This distinct distribution of pulmonary mast cells is intriguing because it suggests a possible role for these cells in immune surveillance. Mast cells in intraepithelial locations are ideally positioned to be one of the first inflammatory cells encountered by microorganisms invading the lung epithelium, whereas mast cells around blood vessels and air passages appear suitably positioned where their mediators can be very rapidly and effectively channeled to their target cells for maximum physiological effect. Mediators released from mast cells located around blood capillaries, within the bronchial walls, and beneath mucus gland capsules, for example, are likely to have immediate and profound effects on local blood flow, bronchoconstriction and mucous secretion, respectively.
The lung is regularly challenged by infectious, potentially life-threatening bacteria, but the immunocompetent individual usually has the capacity to fend off these infections. The remarkable effectiveness of the lung in resisting infection has been attributed to its triad of defensive systems, which together present a highly formidable barrier. The first line of defense consists of the aerodynamic filtration system of the upper airway and tracheobronchial tree which, together with the mucociliary blanket, effectively transports intruding microorganisms away from the lung. If, however, this defensive perimeter is breached and the pathogen penetrates the pulmonary epithelium, then a large number of neutrophils are rapidly summoned to that site, this represents the second line of defense. If the pathogen still survives the onslaught of recruited neutrophils, local alveolar macrophages and histiocytes, the third line of defense is activated, where antigen specific lymphocytes initiate pathogen-specific immune responses. Although much is known of the actions of the individual lines of defense in the lung, several questions still remain unanswered, especially regarding the nature of the effector cells in each system and how these systems are integrated to function so efficiently. In view of their distinct distribution and their capacity to regulate local physiological processes through the armamentrium of released chemical mediators, it is conceivable that mast cells may represent a hitherto unrecognized component of one or more of the defense systems in the lung. In this review, we will examine mast cell properties that we and others have observed in the context of this postulated role in host defense against infectious microorganisms.
MAST CELL AS IMMUNE MODULATORS

Mast cell heterogeneity
When considering the functions of mast cells, it is noteworthy that they are an extremely heterogenous group of cells. A number of striking differences in morphology and responsiveness to agonists have been described among mast cells obtained from different animals as well as between mast cells obtained from different sites in the same animal (3, 4) . This behavior is attributed to the fact that mast cells migrate to a particular site in the body, essentially as uncharacterized precursors (5) . In tissues, the cells undergo differentiation and maturation and proceed to synthesize their full complement of granules. This process is mediated by the various growth factors present in a particular site. Thus, the character and responsiveness of mast cells at a given site in the body is highly dependent on the unique blend of growth factors found in the immediate microenvironment. Based on different phenotypic, biochemical and ontogenic properties, two distinct populations of mast cells have been described in rodents (6, 7) . These populations are referred to as connective tissue and mucosal mast cells. Analogous differences appear to be present in human mast cells. The connective tissue mast cells in rodents are found in the skin, peritoneal cavity, the muscularis propria of the intestine and around venules in the lung (3) . Mucosal mast cells are primarily found in close proximity to the epithelium in the respiratory, urogenital, and intestinal mucosa (3). Thus, both types of mast cells are present in the lung. Although most of the studies described here have involved the use of either mucosal type or connective tissue type mast cells of rodent origin, there is currently no reason to suggest that the responses of human mast cells are radically different.
Mast cell recognition of bacteria
If mast cells have a role in immune surveillance, they must be capable of recognizing and responding to a wide range of microorganisms. There are now several reports in the literature that indicate that mast cells are readily activated by a wide range of gram-positive and gram-negative bacteria (see table 1 ). In most cases, mast cell activation by bacteria was assessed in vitro by measuring histamine release from mast cells of rodent or human origin. In a few reports, mast cell activation and histamine release have also been demonstrated in vivo utilizing bacterial challenge in experimental animal models (8, 9) . Our understanding of the molecular mechanisms associated with mast cell recognition of bacteria and the subsequent events leading to mast cell activation and release of mediators is still limited. Mast cells possess a wide range of receptors molecules in their membrane, including some which presumably mediate recognition of microorganisms or their constituents. An unidentified mannosylated receptor on the mast cell membrane was recently implicated in promoting avid mast cell binding to the pulmonary pathogen, Klebsiella pneumoniae, and to several other gram-negative bacteria that express filamentous organelles (fimbriae) bearing the mannose-binding lectin, FimH (8, 10) . Inactivation of the fimH gene in these bacteria essentially eliminated the mast cells' capacity to recognize and to be activated by the bacteria, demonstrating that FimH was indeed the bacterial determinant recognized by the mast cell (8, 10) .
In addition to possessing receptors that can directly recognize and bind bacteria, mast cells possess a wide range of membrane receptors for serum opsonins such as FcεR, FcγR and CR3 which could potentially facilitate mast cell activation by bacteria that are coated with IgE, IgG, or complement molecules, respectively. An example of such an interaction is the association of mast cells with Salmonella typhimurium coated with complement component iC3b (25) . It is noteworthy that intimate contact with bacteria is not always necessary for activation of mast cells. Mast cells may also be activated by a wide variety of soluble or particulate constituents of bacteria, including the bacterial polypeptide FMLP (20, 23, 24) . Another bacterial agonist of pulmonary significance is pertussis toxin which is elaborated by (19) . The most commonly examined mast cell product elicited by bacteria is histamine, a potent vasoactive amine, which upon release can markedly increase local blood flow and vascular permeability (4, 26). These local vascular events then facilitate the arrival of inflammatory cells and serum antibodies to sites of bacterial infection. In addition to histamine, a variety of chemical mediators can concomitantly be released from mast cells, and have a broad range of physiologic effects. For example, TNF-α, protease II , and IL-6 have all been shown to be secreted from mast cells following bacterial stimulation (8, 20, 23) . Mast cell mediators are usually subdivided into those that are preformed (or secretory granule-associated) and those that are newly synthesized following activation. A list of mast cell mediators and some of their known physiologic effects is given in table 2. Since some of these mast cell mediators are powerful neutrophil chemoattractants (e.g. TNF-α, IL-8 and LTB4) or potent activators of humoral or cell-mediated specific immune responses (e.g. IL-4 and IL-12), it is likely that mast cells, through these mediators, have the unique capacity of triggering and modulating the different lines of host defense in the lung during microbial attack.
No systematic study of the morphology of the release (exocytosis) of mast cell mediators following bacterial stimulation, has as yet been undertaken. But predictably, the nature and intensity of the exocytic response is dictated by the activating molecules on the bacteria or, as in the case of opsonized bacteria, the nature of the opsonin. For example, it is presumed that exocytosis mediated by a bacterium coated with IgE would resemble an anaphylactic mechanism (4). Employing a morphometric assay designed to measure heparin content of the mast cell, Malaviya and coworkers determined that mast cell exocytosis following adherence of FimH expressing bacteria was a gradual process and took in excess of 1 hour to reach completion (9) . During this time, no obvious extrusion of granule or intercytoplasmic fusions, which are typical of anaphylactic exocytosis, were seen by electron microscopy. Nevertheless, the amount of degranulation as measured by morphometry was proportional, for most of the time, to the number of adherent bacteria (9) . Presumably, the bacterial FimH lectin induced degranulation events in the mast cell is less explosive than the exocytosis elicited by IgE/antigen during anaphylaxis.
Mast cell phagocytosis and killing of adherent bacteria
In addition to releasing its chemical mediators, mast cells have the capacity to engulf and kill adherent bacteria. This capacity of mast cells to engulf adherent bacteria was recently demonstrated using classically noninvasive strains of Escherichia coli, Enterobacter cloacae, and K. pneumoniae expressing the FimH adhesin (10) . Videomicroscopic examination of mast cell-bacteria interactions revealed that ingestion of adherent bacteria was associated with membrane ruffling and internalization of bacteria within vesicles (10) . On average, the phagocytic process took about 20 minutes to completion (10) . A scanning electron micrograph of a mast cell with several adherent E. coli is shown in fig. 1a . Shown in fig.  1b is a close-up of a bacterium in the process of being engulfed. A bactericidal assay undertaken at various time points revealed that the viability of bacteria in direct contact with mast cells is reduced by as much as 50% in 1 hr, indicating that the phagocytic event was associated with intracellular killing of ingested bacteria. This assay was performed in the presence of serum which invariably contains enterobacteria-specific antibodies, thus, it was not possible to rule out the contribution of serum opsonins to this mast cell bactericidal activity.
Traditional phagocytes, such as neutrophils and macrophages, kill bacteria through a combination of nonoxidative and oxidative killing systems. The nonoxidative systems involve acidification of phagocytic vacuoles and the fusion of lysosomal granules to the vacuole. The observation that ammonium chloride, a lysosomal weak base that permeabilizes phagocytic cells and equilibrates the pH of phagocytic vacuoles, significantly reduced mast cell killing of bacteria (10) is consistent with the notion that acidification of phagocytic vacuoles plays a significant role in mast cell function. The activity of many bactericidal agents, such as acid hydrolases, of which there are several in the mast cell (1, 3) as well as defensins, could be potentiated by the low pH conditions in the vacuoles. The oxidative killing activity in phagocytic cells typically involves the production of superoxide anions, singlet oxygen, hydroxyl radicals, and hydrogen peroxides, all of which have microbicidal activity. Evidence for an oxidative bactericidal system in mast cells comes from the substantial "oxidative burst" generated by mast cells upon exposure to bacteria and other antigens (10, 39) .Furthermore, since the mast cell oxidative burst elicited by E. coli was inhibited by superoxide dismutase (10), a scavenger of superoxide anions, the predominant oxygen species in the oxidative burst was deemed to be superoxide anions.
Given that mast cells appear to readily phagocytoze bacteria, it was of interest to test their ability to process bacterial antigens for presentation to T lymphocytes which is a prerequisite for the development of specific immune responses to the bacteria, the third line of defense. Using a model system in which a wellcharacterized T cell epitope was expressed within bacteria as a fusion protein, we showed that mast cells were indeed capable of processing and presenting bacterial antigens to T cell hybridomas and that this was achieved through class 1 MHC molecules (40) . Further, it was shown that antigen processing occurred after phagocytic uptake of different gram-negative bacteria, such as S. typhimurium and E. coli. Parallel assays with peritoneal macrophages indicated that the efficiency of processing by mast cells was comparable to that of macrophages (40) . Thus, mast cells may be involved in the generation of cytotoxic Tlymphocyte responses to bacterial antigens. These findings are consistent with earlier reports that indicate that mast cells are endowed with all the properties that allow them to serve as efficient antigen presenting cells to promote clonal expansion of CD4-positive T cells (35) . These include internalization and degradation of protein antigens into immunogenic peptides, expression of MHC class IIpeptide complexes on the cell surface, and delivery of costimulatory signals to T cells (35) . Given their particular abundance at the host environment interface, it is likely that antigen processing and presentation capabilities of mast cells are of physiologic importance, as they may be one of the first cell types to encounter the invading pathogens.
Impaired pulmonary clearance of bacteria in mast cell deficient mice
The in vitro experiments that have been reviewed so far indicate that mast cells can recognize and respond to various bacteria by releasing their inflammatory mediators and also by engulfing and destroying adherent bacteria. Based on these observations, one would predict that animals deficient in mast cells would be less efficient in clearing bacteria compared to normal mast cell sufficient animals. Recently, we sought to investigate the role of mast cells in an in vivo experimental model of lung infection (8) . We compared bacterial clearance in genetically mast cell deficient (W/W v ) mice and mast cell competent littermate controls (+/+) following challenge with the lung pathogen, K. pneumoniae (8) . Six hours after intranasal challenge with the bacteria, each group of mice was sacrificed and the lungs from each mouse were aseptically removed and processed to determine the number of surviving bacteria. The number of viable bacteria per lung of W/Wv mice were at least 10-fold more than the corresponding number in +/+ mice, implying that the mast cell deficiency impaired the animals' ability to clear the infectious agent (8) . To confirm that the observed difference in bacterial clearance was due solely to the presence or absence of mast cells, and not other abnormalities, we reconstituted W/W v mice with cultured mast cells and then challenged these mice (W/W v + MC) with the same K. pneumoniae strain. The adoptive transfer of exogenous mast cells corrected only the mast cell deficiency in W/W v mice and no other deficiency (30) . The number of surviving bacteria in the lungs of W/W v + MC mice was found to be comparable to that in the wild type, +/+ mice. The newly transfused mast cells were found to be localized in the lung parenchyma, bronchial cartilage, mucosal and submucosal surfaces, and around venules (8) .
Microscopic examination of lung tissue-sections taken from W/W v and +/+ mice 6 hours after bacterial challenge revealed remarkably high numbers of neutrophils in the latter group of mice, implying neutrophil involvement in the bacterial clearance. To confirm this finding, we compared the number of neutrophils in the bronchio-alveolar lavage (BAL) of W/W v , +/+, and W/W v + MC mice 6 hours after intranasal challenge with K. pneumoniae. A significant (50%) decrease in myeloperoxidase, a specific neutrophil marker, was detected in the BAL of W/W v mice compared to that from either the +/+ or W/W v + MC mice (8) . Thus, the reduced bacterial clearance in the lung of W/W v mice relative to +/+ or W/W v + MC mice directly correlated with reduced neutrophil influx in the mouse BAL. This raised the possibility that mast cells were mediating bacterial clearance by inducing neutrophil influx to the lung.
As indicated previously, mast cells are capable of releasing several neutrophil chemoattractants, but TNF-α is of particular interest because the mast cell is the only cell known to prestore TNF-α for immediate release upon activation (29, 30) . Furthermore, TNF-α is known to both attract neutrophils and to enhance their bactericidal properties. We sought therefore, to determine the role of TNF-α in the neutrophil influx into the lung following intranasal bacterial instillation. We found that following bacterial challenge, there was a remarkable increase in TNF-α levels in the BAL which peaked at 6 hours. Interestingly, the rate of increase in TNF-α levels, closely paralleled the neutrophil influx into the BAL. Furthermore, this peak level corresponded with the time of maximal neutrophil influx, supporting the notion that TNF-α is the critical chemoattractant responsible for the neutrophil influx in mast cell competent mice. To show that mast cells were capable of releasing TNF-α in response to bacteria, we exposed bone-marrow derived cultured mouse mast cells to K. pneumoniae in vitro and assayed for extracellular TNF-α. We found that bacteria triggered significant mast cell release of TNF-α (8) .
Interestingly, the amounts of TNF-α exceeded the levels elicited by other well-known agonists of mast cells, including IgE/antigen. Based on these observations, mast cells play a critical role in triggering bacterial clearance in the lung. Mast cells stimulate neutrophil influx to the site of bacterial infection by the release of TNF-α. Additionally, mast cells may contribute to bacterial clearance by directly phagocytozing bacteria as described previously. Since recruitment of neutrophils is a critical aspect of the second line of host defense, this finding represents the first indication of the modulatory role of mast cells on host defense against bacteria.
As described previously, mast cells exhibit an extraordinary heterogeneity in the mediator content and function based on their anatomical location in the body. Thus, it was important to investigate if mast cells at other anatomical sites exhibited the same response as pulmonary mast cells to the bacterial challenge. It was found that following challenge with mouse virulent bacteria, peritoneal mast cells exhibited the same capacity as pulmonary mast cells to mediate neutrophil influx and bacterial clearance by the release of TNF-α (8, 41) . The protective capacity of the mast cells was clearly evident from the finding that up to 80% of the W/W v mice died whereas none of the +/+ or W/W v + MC mice succumbed to an experimentally-induced peritonitis following instillation of bacteria. Additional support for the protective role of mast cells comes from the work of Echternater et al., who showed that mast cell-derived TNF-α was critical in conferring to mice protection from lethal bacterial infections in the peritoneum (41) . Instillation of specific antibody to TNF-α in this system reversed the protective effects of TNF-α. Taken together, these findings reiterate the importance of the antibacterial activity of mast cells and, more importantly, indicate that this property is intrinsic to mast cells regardless of their location.
Contribution of mast cells to the pathophysiology of bacterial infections
Since it is clear that mast cell mediators are involved in bronchoconstriction and other pathophysiologic reactions during asthma, it seems reasonable that the bronchoconstriction and wheezing noted during bacterial respiratory infections may also result from mast cell activation. Thus, in addition to their antimicrobial activities it is likely that mast cells contribute to the harmful sequellae of bacterial infections. Proinflammatory mediators of mast cells, e.g. TNF-α and superoxide anions, are beneficial to the host because they recruit neutrophils and are bactericidal, respectively. Paradoxically, the same mediators may cause marked pathological effects to the surrounding tissue, especially There is a growing realization that successful pathogens not only evade or resist the host's inflammatory response but also "modulate" some of the host's inflammatory responses (42) . The capacity of mast cell products to inflict damage is enormous, as best exemplified by the harmful consequences of asthmatic attacks. Certain "smart" lung pathogens may exploit the mast cell's aggressive and perhaps undiscriminating responses to foster their survival and spread. Thus, as with previous roles ascribed to mast cells, there is potentially a "Jekyll and Hyde" aspect to the mast cell's response to bacteria.
CONCLUSION
Mast cells display a distinct spatial distribution in the lung where they are found preferentially either in the lung periphery or in deeper tissues around blood vessels, bronchioles and mucus secreting glands. Yet, the physiological role of these granule-laden cells is unknown. There are now intriguing evidence that their distinctive distribution together with their intrinsic capacity to release large amounts of inflammatory mediators serves a critical role in immune surveillance. Mast cells have now been shown to be capable of recognizing and aggressively reacting to a wide range of bacteria. The mast cell responses involve ingesting and killing of adherent bacteria, in a manner not unlike that of traditional phagocytic cells. Concomitant with this endocytic activity, a large variety of potent inflammatory mediators are released by the mast cell. One such mast cell-derived mediator, TNF-α, was recently shown to be a critical signal for initiating the neutrophil influx to sites of bacterial infection in the lung as well as the peritoneum of mice. This capacity of mast cells to recruit neutrophils, together with its recently reported participation in processing and presenting bacterial antigens to immune cells (40) and in mediating proliferation of epithelial cells and mucosal mucus secretion (3, 27) , indicate that mast cells have an extraordinary ability to modulate all three lines of host defense. A hypothetical model depicting some of the antimicrobial functions of mast cells in the lung is shown in fig. 2 . Conceivably, an important physiological role for the mast cell in the lung, and elsewhere in the body, is in integrating the various arms of the host defense during microbial attack. In view of the notoriety of mast cells in mediating harmful inflammatory processes in a variety of chronic disease states, the darker side of the mast cell cannot be ignored. Indeed, the pathophysiology of bacterial infections could be attributed, at least in part, to the sometimes overzealous responses of mast cells to bacteria or their components ( fig. 2) . Thus, the remarkable capacity of mast cells to proliferate, to synthesize a new complement of granules and to undergo several cycles of mediator release at sites of inflammation may be perceived as useful traits that will not only facilitate their physiological, but also, their pathophysiological roles in the body.
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